Nitrocellulose-fiter binding is a powerful technique commonly used to study protein-nucleic acid interactions; however, its utility in quantitative studies is often compromised by its lack of precision. To improve precision and accuracy, we have introduced two modifications to the traditional technique: the use ofa 96-well dot-blot apparatus and the addition of a DEAE membrane beneath the nitrocellulose membrane. Using the dot-blot apparatus, an entire triplicate set of data spanning 20-24 titrant concentrations can be collected on a single 4.5 x 5 inch sheet of nitrocellulose, obviating the need to manipulate separate fiters for each titration point. The entire titration can then be quantitated simultaneously with direct two-dimensional «-emission imaging technology. The DEAE second membrane traps all DNA that does not bind to the nitrocellulose, enabling a direct determination of the total amount of DNA filtered. This measurement improves precision by allowing the amount of DNA retained by the nitrocellulose to be normalized against the total amount of DNA filtered. The DEAE membrane also permits a more accurate quantitation of filter-retention efficiency and nonspecific background retention based on free DNA rather than total DNA filtered. The general approach and methods of analysis to obtain equilibrium binding isotherms are discussed, using as examples our studies of the Escherichia col Rep protein, a helicase, and its interactions with short oligodeoxynucleotides.
Nitrocellulose-filter binding is used extensively to investigate equilibrium binding (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) and kinetic (12) (13) (14) (15) properties of protein-nucleic acid complexes because of the preferential retention by nitroceliulose of protein and protein-DNA complexes but not of free DNA. By using radiolabeled DNA, the amount of DNA complexed with protein in a solution can be quantitated by filtering it through nitrocellulose and measuring the amount of radioactivity retained on the membrane.
Although not a true equilibrium technique, its utility for equilibrium binding studies has been well-established; however, its usefulness in quantitative studies is often compromised by technical problems. Some of these-e.g., incomplete retention of protein-nucleic acid complexes on the nitrocellulose filter (i.e., <100o filter retention efficiency) depend on the particular system under study, whereas other problems are inherent in the technique. Much of the latter stems from the use of separate ifiters for each point in a titration. Consequently, the determination of an equilibrium binding isotherm by filter binding typically requires the cumbersome and time-consuming manipulation and quantitation by liquid scintillation counting of large numbers of filters. More significantly, variability among filters reduces precision. System-dependent problems are less amenable to general solutions; however, when these problems are presThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. ent, additional control experiments are required, compounding any imprecision in the data-collection process. Therefore, while technical improvements leading to increased precision in data acquisition will not eliminate system-dependent problems, they do greatly improve the quality of data.
While studying equilibrium binding ofEscherichia coli Rep protein to short oligodeoxynucleotides (7, 8) , we developed another approach for performing nitrocellulose-filter binding based on two modifications to the standard technique. (i) The first of these involves the use of a modified 96-well dot-blot apparatus.
(ii) In the second and independent improvement, a DEAE anion-exchange membrane is placed directly beneath the nitrocellulose membrane as a trap for DNA not retained by the nitrocellulose. Combined with direct (3emis-sion technology, these modifications dramatically increase both accuracy and precision while greatly reducing the time required for analysis.
MATERIALS AND METHODS
Buffers, Proteins, and Oligodeoxynucleotides. Solutions were made with reagent-grade chemicals using distilled H20 that was deionized by using a Milli-Q System (Millipore). Binding buffer is 20 mM Tris HCl, pH 7.5 at 4°C/6 mM NaCl/5 mM 2-mercaptoethanol/1 mM Na3EDTA/10% (vol/ vol) glycerol. E. coli Rep protein was purified to >99% as described (17, 18) . Its concentration was determined spectrophotometrically, using an extinction coefficient for the monomer of e280 = 7.68 x 104 M-1cm-1 (17) .* T4 polynucleotide kinase was from United States Biochemicals. Oli- godeoxynucleotides, dT16 and the 16-bp duplex hairpin (HP; 5' -GACTCGTTACCTGAGT-T4-ACTCAGGTAAC-GAGTC), were synthesized and purified to >99% purity as described (7, 18, 20) . Concentrations of dT16 and HP were determined spectrophotometrically in 10 mM Tris HCl, pH 7.5/1 mM EDTA/150 mM NaCl at 25°C using 8260 = 129,600 and 270,000 M-1 cm-1 per molecule, respectively (7). DNA was 5'-endlabeled by using [y-32P]ATP and T4 polynucleotide kinase as described (7, 8) .
Nitrocellulose and DEAE Filters. Nitrocellulose and DEAE filters (NA45) were obtained from Schleicher & Schuell in precut 4.5 x 5 inch sheets (1 inch = 2.54 cm). To reduce retention of free single-stranded DNA, nitrocellulose filters were presoaked for 10 min in 0.4 M KOH followed by rinsing in Milli-Q H20 until the pH returned to neutral (21, 22) . Filters were then equilibrated in binding buffer at 4°C for a minimum of 1 hr before use. New DEAE filters were washed once in 0.1 M Na3EDTA, pH 8.8, and three times in 1.0 M NaCl with agitation for 10 min each followed by a quick rinse (<1 min) in 0.5 M NaOH. Filters were then washed with Milli-Q water until the pH of the wash was neutral. Used Abbreviation: HP, 16-bp duplex hairpin.
*The Rep protein extinction coefficient reported here has been revised from that previously reported (17) based on a recent redetermination of the nucleotide sequence of the rep gene (19 (7) . At each concentration, the components were mixed in microcentrifuge tubes and incubated at the appropriate temperature (40C in these experiments) for 10 min by immersion in a thermostated refrigerated bath, within which time equilibrium was reached.
Because it was necessary to rinse the wells as quickly as possible after sample application to the filters to minimize nonspecific background retention of DNA, only six to nine samples were applied to the wells of the dot-blot apparatus at a time. Immediately before filtering each set of samples, the wells were flushed with 100 ,ll of binding buffer at 40C.
Vacuum from a house vacuum line (12) (13) (14) (15) inches of Hg) was applied just long enough to draw the flush solution through the membrane. Samples were then loaded, and the vacuum was reapplied (flow rate of 5-6 ml/min). Immediately after the samples had been drawn through the membrane, the wells were washed with another 100 ul ofbinding buffer at 40C. ( 
RESULTS AND DISCUSSION
Modifi'cation of a Dot-Blot Apparatus for Filter Binding. Filter binding was done by using a %-well dot-blot apparatus (Minifold I; Schleicher & Schuell), modified to eliminate lateral diffusion of unbound DNA label that can result in "halos" surrounding the dots that interfere with quantitation when DNA exceeds protein. In the unmodified apparatus, rubber 0-rings lining the bottoms of each of the 96 wells of the "top-plate" provide seals for each well against the top side of the membrane; however, there are no seals on the "middle-plate" that sits immediately below the membranes. Therefore, we replaced this middle-plate with a second top-plate installed upside-down so that its 0-rings face up to provide seals below the membrane directly opposite the 0-rings above the membrane (see Fig. 1 ). Some machining of this second top-plate was required to seat it properly onto the "bottom-plate." Dot-blot apparati of other designs may be less prone to this problem.
With this modified dot-blot apparatus, an entire titration containing [20] [21] [22] [23] [24] Cnon,i'--aCDEAE,i-wash buffer. Because the same cross-sectional area ofthe dot is contacted by both the sample and the wash, greater consistency and precision are achieved. Double-Filter Technique. To improve precision further, a DEAE membrane was placed directly below the nitrocellulose membrane to trap any DNA not retained by the nitrocellulose. Fig. 2A shows the p,-emission images of both the nitrocellulose and DEAE membranes in which a HP DNA at 0.1 ,uM was titrated with Rep protein (pH 7.5, 4°C). The inverse relationship between the radioactivity retained by the two filters is apparent [Rep-DNA complexes possess 100% retention efficiency on nitrocellulose (7)]. As illustrated quantitatively in Fig. 2B , at low Rep concentration, most labeled DNA passes through the nitrocellulose but is retained on the DEAE filter, while at saturating Rep concentrations, all of the DNA is retained by the nitrocellulose. Fig. 2B where Ai represents counts (DNA) that are "displaced" from each filter due to both low filter-retention efficiency of complexes (E < 1) and nonspecific retention of free DNA on the nitrocellulose, as defined in Eq. 4:
Ai Cnon-(1 -E)CPD,i. [4] In a mock titration without protein, all the DNA is free, so Cfj = Ct,j = (CNC,j + CDEAE,J), and CNC,j = Cnonj. Therefore, a plot of CNc,j vs. CDEAE,i yields a linear standard curve, the slope of which gives an empirical correction parameter ar(see (£7+ 1) [5] In the presence ofprotein, Cf,i = (CNC,i + CDEAE,J -CPD,J), which when substituted into Eqs. 5 and 4 yields an expression for Ai, which upon substitution into Eq. 3a yields Eq. 6: [6] CPD,i = CNC,i -OTCDEAE,i E+ 6E-CO For experiments performed without the DEAE membrane, Cnoni is customarily approximated as a fraction of the total counts, Ctei, as in Eq. 9: Cnonj = YCt,. [9] The value of y is obtained from a mock titration done without protein. The dependence of the apparent retention efficiency on the method used to correct for nonspecific DNA retention can be illustrated by considering a hypothetical titration at constant DNA concentration for a system with E = 1 as in Fig. 3 . In the limit of zero protein concentration, Cf,i approaches Ct,, and yCt i = Cnoni. At saturation, however, Cf,i and Cnon,i approach zero, but Ct,j does not. Therefore, use of Eq. 9 to estimate Cnon,i yields an overcorrected isotherm with apparent retention efficiency of 1 -y. In this example where E = 1, background subtraction using OCDEAE, yields the true isotherm. In general, background subtraction based on yCt, never yields the true isotherm except for the trivial case where y = 0, whereas background subtraction using OCDEAE, yields the true isotherm when E = 1. However, both methods [Protein]total (M) FIG. 3 . Different apparent isotherms when corrections for nonspecific DNA retention on nitrocellulose are based on free vs. total DNA. Three simulated curves are shown for a hypothetical system with e = 1 and background retention corresponding to oe = 0.2. e -, Uncorrected titration curve; -, true isotherm obtained when background corrections are done with respect to free DNA using the correction factor ar and Eq. 2. In contrast, when background subtraction is done with respect to total DNA using Eq. 9, the overcorrected isotherm (---) is obtained (y = 0.2) (EIPP = 0.8; see Eq. 11).
of estimating Cnon,i yield overcorrected isotherms when E < 1. Fortunately, the extent of overcorrection is directly proportional to Oi, so the shape of the apparent isotherms is correct. The true isotherm can, therefore, usually be obtained by renormalizing the apparent isotherm to attain an end point of 1 (assuming that the endpoint of the titration is experimentally well-defined).
In general, when E < 1, an independent measure of e should be made by determining the fraction of DNA retained in the limit of a large excess of protein, so that all DNA is proteinbound (6). Then either Eq. 7 or 10 can be used in conjunction with the appropriate correction factors, y or a,, to yield true isotherms. Indeed, at saturation, the true e can be directly determined as the fraction of uncorrected counts bound by nitrocellulose, CNC/Ctow because there is no free DNA and, thus, no background correction required. However, an isotherm determined after correction for nonspecific DNA retention reaches an endpoint equal to (e -y) or (E + eo, -cr), depending on the method used for background correction. Although background subtraction using aCDEAE,i may not appear to present a clear advantage when E < 1, the major use of the DEAE second membrane is that it enables one to determine Ct,j directly for each data point, thus providing a means to correct each titration point for pipetting variabilities as discussed below.
Direct (7) were analyzed with and without normalizing each titration point by its directly determined Ct,i. Because e = 1 for this system (7), background subtraction was calculated using OrCDEAE,i and Eq. 2. In analyzing the titrations without normalization, the counts retained on the nitrocellulose and the total counts were treated as if they were derived from separate measurements.
Thus, the triplicate sets of CpD,i and Ct,j (obtained by summing CDEAE,i and CNC,i) were averaged separately to obtain mean protein-bound counts, C7PD, and mean total counts, Ct. The isotherm, 6, was then obtained as the ratio of CPD and Ctt. The isotherms for which each point is normalized to the experimentally determined Ct,j were obtained as described in Materials and Methods. Each CPD,i was first normalized to its corresponding Ct,j to generate three sets ofnormalized counts that were then averaged to obtain the mean isotherm 0. The sample SD, so, was then calculated in the standard way. Fig. 4 (7) .
In the course of testing the "double-filter" method with other systems, we encountered a potential problem with the use of the DEAE filter. We and others (D. Burz, private communication) have found that the DEAE filter perturbed the retention efficiency of the phage A cI repressor bound to a 570-bp DNA fragment (16) containing the OR1 operator site. However, the retention efficiency of this system is low, (e < 0.3), even in the absence of the DEAE filter. On the other hand, in titrations of the oligonucleotide, U16, with Rep, where retention efficiency is also low (e 0.35), we did not observe interference by the DEAE filter. Clearly, this effect must be assessed for each system. Such interference might be alleviated by insertion of an inert membrane between the DEAE and the nitrocellulose filters. Although this has not been fully investigated, we have successfully used a supported nitrocellulose membrane (BA-S; Schleicher & Schuell) that consists of nitrocellulose cast onto a polyester support. However, even without using the DEAE filter, the precision of the data and ease of data collection are significantly enhanced by the use ofthe modified dot-blot manifold.
We have investigated use of the DEAE membrane with Rep-dT16 as a function of pH (7. 5, 4°C) , even though the occluded-site size of Rep for single-stranded DNA is 14-16 bases (7, 18) ; however, this may be pH dependent. Such inhibition is not likely to be a problem for protein binding to longer DNAs.
The modifications described here should serve as general improvements to the nitrocellulose-filter-binding method. They do not eliminate system-dependent problems, such as low or variable retention efficiency. However, they do increase the precision of data collection and are, therefore, especially important in studying interactions possessing system-dependent problems.
